in the RMC configuration (start) is artificially sharp due to small weighting factor for X-rays, while it is reasonable in the DF-MD simulation. The system loses its memory of the initial (RMC) starting structure within a few picoseconds (Zr-O bond lifetimes ~185 fs). The DF-MD simulations lasted 10 ps with a time step of 1 fs, and the analysis showed that 50% of the Zr-O bonds break within 185 fs at 2800°C.
Supplementary

Supplementary note 3 | Density measurement of liquid ZrO 2
The density measurement of liquid (l-) ZrO 2 was performed with an aerodynamic levitator. A small ZrO 2 sample of diameter around 2 mm was set in a shallow nozzle and levitated aerodynamically. The levitated sample was then heated by a 100 W CO 2 laser and a 500 W Nd:YAG laser. The temperature of the sample was measured by a single color pyrometer. The temperature was calibrated using the melting temperature (T m :
2715 ˚C).
Sample imaging for density determination was achieved by a high-resolution, black-and-white CCD video camera (Sony SSC-M370) equipped with a telephoto objective and a high-pass filter (450 nm), in conjunction with a high-intensity ultraviolet background light. This allowed the perimeter to be analyzed 7 . The use of the ultraviolet lamp and the filter gave a background lighting efficiency that was practically independent of the sample temperature (from an overheated liquid to a room-temperature sample), thus allowing accurate determination the density. The image was analyzed during cooling, and the volume of the sample was calculated assuming that it was axially symmetric.. Details of the image analysis can be found elsewhere 8 .
Since the bottom part of the sample is hidden by the nozzle, there is some uncertainty in this analysis. The density was calibrated by measuring a sample of liquid Al 2 O 3 whose density had been measured by other methods 9 . The total uncertainty is up to 5 %.
Supplementary Figure 6 shows the measured density as a function of temperature.
When the measured data were fit to a linear function, the density () of l-ZrO 2 was
given by 
